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Abstract A strategy for complete backbone and side-
chain resonance assignment of disordered proteins with
highly repetitive sequence is presented. The protocol is
based on three resolution-enhanced NMR experiments: 5D
HN(CA)CONH provides sequential connectivity, 5D
HabCabCONH is utilized to identify amino acid types, and
5D HC(CC-TOCSY)CONH is used to assign the side-chain
resonances. The improved resolution was achieved by a
combination of high dimensionality and long evolution
times, allowed by non-uniform sampling in the indirect
dimensions. Random distribution of the data points and
Sparse Multidimensional Fourier Transform processing
were used. Successful application of the assignment pro-
cedure to a particularly difﬁcult protein, d subunit of RNA
polymerase from Bacillus subtilis, is shown to prove the
efﬁciency of the strategy. The studied protein contains a
disordered C-terminal region of 81 amino acids with a
highly repetitive sequence. While the conventional
assignment methods completely failed due to a very small
differences in chemical shifts, the presented strategy pro-
vided a complete backbone and side-chain assignment.
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Introduction
Unstructured polypeptide sequences attract an increased
attention of biochemists and structural biologists. It has
been recognized that a large portion of the genome encodes
proteins that remain fully or partially disordered in the cell.
An automatic analysis of putative amino acid sequences
predicted that one third of eukaryotic proteins, including
human ones, contains disordered regions longer than 30
amino acids (Ward et al. 2004). These intrinsically disor-
dered proteins have well-deﬁned biological functions.
Some of them may adopt a regular structure on binding to
their interacting partners, and many of them are related to
various human diseases (Bussell and Eliezer 2001; Fink
2005; Dyson and Wright 2005; Dunker et al. 2008). The
lack of a unique structure makes the disordered proteins
poor targets for crystallographic studies. Even when a
highly ordered monocrystal is successfully prepared, the
structure calculated from diffraction data does not reﬂect
the distribution of conformations in the native ensemble in
solution. Therefore, nuclear magnetic resonance (NMR)
plays a crucial role in studies of disordered proteins (Dyson
and Wright 2004; Eliezer 2007, 2009). NMR can provide
valuable information on residual secondary structure,
possible long-range contacts, and internal dynamics of the
disordered polypeptide chain. A particularly important step
in NMR investigation is the assignment of observed
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assignment is a necessary prerequisite for interpretation of
NMR spectra, but the obtained frequency list itself provides
perhaps the most powerful tool for identiﬁcation of partially
orderedsegments(Eliezer2007).Thechemicalshiftofevery
nucleus is inﬂuenced by the molecular environment and a
local extended or partially folded conformations can be
therefore identiﬁed by a deviation from the ‘‘random coil’’
frequency value. Many intrinsically disordered proteins can
be assigned using a standard set of triple-resonance NMR
experiments applied to
13C,
15N-labeled samples (Peti et al.
2001; Yao et al. 2001; Marion. 2006; Mukrasch et al. 2009;
Mota ´c ˇkova ´ et al. 2009). However, combination of the
structural disorder with a high incidence of sequential
repeats often results in spectra with severely overlapped
peaks,impossibletoassignbythetraditionalapproach.Here
we present a strategy that allows to assign frequencies of all
backbone and side-chain nuclei even in cases when the
standardmethodscompletelyfail.Thestrategyisbasedonan
extreme improvement of spectral resolution and is applica-
ble to standard
13C,
15N-labeled protein samples. The power
ofthepresentedapproachisdocumentedonacasestudyofa
particularly difﬁcult sample, the delta subunit of RNA
polymerase unique for gram-positive bacteria (Clark et al.
1974). The 20 kDa protein contains a disordered C-terminal
region of 81 amino acids with a highly repetitive sequence
(DeSaro et al. 1995). Biochemical studies indicated that the
d subunit may control speciﬁcity of RNA polymerase, but
molecular basis for its function remains unknown. It repre-
sents a strong motivation for NMR investigation of the
partially disordered d subunit.
Materials and methods
Sample preparation
The
13C,
15N-uniformly labeled sample of the RNA poly-
merase d subunit was prepared from 2 l of cell culture
grown in enriched M9 medium using a standard expression
protocol, and puriﬁed by the ion exchange chromatography
as described earlier (DeSaro et al. 1995). Mass spectro-
metric analysis of unlabeled protein revealed a correct
mass of the d subunit, with the ﬁrst residue (Met1) cleaved
off during the expression. The protein was dialyzed twice
against 20 mM phosphate buffer, pH 6.6, containing
10 mM NaCl. The sample was concentrated to yield
0.8 mM d protein solution.
NMR experiments
All NMR experiments were performed on the
13C,
15N-
uniformly labeled sample at 301 K. Standard HNCA,
HN(CO)CA, HNCACB, CBCA(CO)NH, HNCO, HCCH-
TOCSY (Sattler et al. 1999),
13C-edited NOESY spectra
(Sattler et al. 1995), and
13C detected CON, CBCACON,
and CBCANCO spectra (Bermel et al. 2006a), were
acquired on a Bruker Avance 600MHz spectrometer
equipped with the cryogenic
1H/
13C/
15N TCI probehead
with the z-axis gradient coil. Experimental details are listed
in Supplementary Material. Acquisition of 5D HN(CA)-
CONH, 5D HabCabCONH, and 5D HC(CC-TOC-
SY)CONH spectra (Kazimierczuk et al. 2009, 2010) and of
3D HNCO auxiliary spectrum was carried out on a Varian
NMR System 700 spectrometer equipped with a Performa
xyz-PFG with the 5 mm
1H/
13C/
15N room temperature
triple resonance probehead. These experiments were per-
formed with a non-uniform sampling of the indirectly
detected dimensions. Poisson disk sampling, introducing
distance constraints between the time points, was chosen to
generate the time schedule. Further, the constant density of
the generated time points was transformed to the decaying
density according to a Gaussian distribution (r = 0.5),
with regard to the maximum evolution time. Such con-
strained random sampling scheme was shown to reduce the
level of artifacts in the peak vicinity (Kazimierczuk et al.
2008). All the experiments were measured with four scans
per increment. The HNCO experiment was acquired with
the interscan delay of 1.2 s, with spectral widths set to
12,000 (aq) 9 2,500 (
15N) 9 3,700 (
13C’) Hz, and with
484 points measured in the indirect dimensions. Maximal
evolution times were adjusted to 100 ms for the
13C’
dimension and to 120 ms for the
15N dimension. The
spectrum was acquired in 3 h, which represents 0.43 % of
time needed for a conventional experiment with a similar
setting. The 5D HN(CA)CONH experiment was performed
with the interscan delay set to 1.2 s and spectral widths
of 12,000 (aq) 9 2,800 (
15N) 9 3,000 (
13C0) 9 2,800
(
15N) 9 6,000 (
1H) Hz were used. The maximal evolution
times were adjusted to 20 ms for t1 (
1H), 50 ms for the t2
and t4 (
15N), and 30 ms for t3 (
13C0). A total of 740 points
in the indirect dimensions were measured. Experimental
time of 20 h ﬁlls 0.00034 % of time needed for a similar
experiment with conventional settings. The 5D HabCab-
CONH experiment was run with the interscan delay of 1.2 s
and with spectral widths set to 12,000 (aq) 9 2,800
(
15N) 9 3,000 (
13C0) 9 14,000 (
13C
aliph) 9 4,000 (
1H
aliph).
The maximal evolution times were set to 10 ms for
1H
aliph,
7.1 ms for
13C
aliph, 30 ms for
13C’, and 50 ms for
15N
indirect dimensions. A total of 880 indirect dimension
points were measured which represents 0.0002 % points
needed for a similar experiment with conventional settings.
The 5D HC(CC-TOCSY)CONH experiment was measured
with the interscan delay of 1.6 s and with the spectral
widths set to 12,000 (aq) 9 2,800 (
15N) 9 3,000 (
13C0) 9
18,000 (
13C
aliph) 9 8,000 (
1H
aliph) Hz. A total of 2260
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123points were measured in the indirect dimensions. The
maximal evolution times were adjusted to 10 ms for
1H
aliph
and
13C
aliph, 30 ms for
13C0, and 50 ms for
15N. Total
experimental time of 2 days and 14 h constitutes 0.0012 %
of duration of a corresponding conventional experiment.
Other experimental details are presented in Supplementary
Material and the pulse sequences for Varian spectrometers
are available from the authors (W.K.) on request.
Data processing
All uniformly sampled data were processed using spectral
processing and analysis system NMRPipe/NMRDraw 3.0
(Delaglio et al. 1995). The 3D HNCO spectrum acquired
with non-uniform sampling was processed with the
Multidimensional Fourier Transform (MFT) algorithm
(Kazimierczuk et al. 2006a, b), while the 5D data were
processed with the Sparse Multidimensional Fourier
Transform (SMFT) algorithm (Kazimierczuk et al. 2009).
The processing software is available from the authors
(W.K.) on request. The direct dimension was square cosine
weighted and zero-ﬁlled to 2048 complex points and pro-
cessed using the standard FFT algorithm. Prior to calcu-
lating 2D cross-sections using SMFT, the number of
spectral points in x1 and x2 dimensions was set to 432 (x1,
1H) and 512 (x2,
15N) in the case of 5D HN(CA)CONH,
to 256 (x1,
1H) and 512 (x2,
13C) in the case of 5D
HabCabCONH, and to 256 (x1,
1H) and 560 (x2,
13C) in
the case of 5D HC(CC-TOCSY)CONH. The remaining
frequencies x3, x4, and x5 were ﬁxed to values identiﬁed
as
13C0,
15N, and
1H
N coordinates of individual peaks in the
3D HNCO spectrum, respectively, and SMFT was per-
formed. The assignment of the NMR spectra was per-
formed in a graphical NMR assignment and integration
software Sparky 3.115 (T.D. Goddard and D. G. Kneller,
University of California, San Francisco, USA).
Results and discussion
As the ﬁrst stage of the assignment procedure, standard
triple-resonance experiments including HNCA, HN(CO)
CA, HNCACB, CBCA(CO)NH, and HNCO were applied
to assign frequencies of backbone nuclei
1H
N,
15N,
13C0,
13C
a, and
13C
b. The HCCH-TOCSY spectrum was
acquired in order to assign the side-chain frequencies of
aliphatic residues. A
13C-edited NOESY spectrum was
recorded to assign aromatic residues. The process of
assignment resulted in a complete list of individual reso-
nance frequencies of nuclei from the structured part of the
protein (G2–Q92), with the exception of the carbonyl fre-
quency of D65 (not determined due to the conformational
exchange). The assignment was validated by a comparison
with the frequency list of a separated N-terminal d domain
(BMRB accession code 16635), obtained within the frame
of a previous structural study (Mota ´c ˇkova ´ et al. 2010). The
peaks of nuclei from the ordered part in the spectra of the
full-length protein nicely overlaid with the corresponding
peaks in spectra of the N-terminal construct.
In contrast to the straightforward and efﬁcient assign-
ment of the well-ordered N-terminal domain, the disor-
dered and highly repetitive C-terminal part of the d
sequence (Fig. 1) was found to be extremely difﬁcult to
assign. While the standard assignment approach was suf-
ﬁcient to assign many disordered proteins (Peti et al. 2001;
Yao et al. 2001; Marion 2006; Mukrasch et al. 2009;
Mota ´c ˇkova ´ et al. 2009), it completely failed in the case of
the C-terminal domain of d. Flexibility of the domain
together with a very similar chemical environment of all
nuclei in the short sequential repeats caused severe peak
overlaps. To demonstrate this problem, Fig. 2 shows the
1H,
15N-HSQC spectrum of the d subunit (with assignment
obtained as described below) compared with the same
spectrum of another partially disordered protein studied in
our laboratory, retroviral protease of the murine intracis-
ternal A-type particle. The dimeric 34 kDa protease was
2H,
13C,
15N-labeled and almost completely assigned
including a disordered 50 amino acid C-terminal domain,
using standard triple-resonance experiments (Mota ´c ˇkova ´
et al. 2009). The
1H
N chemical shift dispersion of the
disordered C-terminal domain of the d subunit is lower
than that of the retroviral protease: 0.5 ppm versus
0.7 ppm. The
15N chemical shifts of the unstructured
regions cover 6.4 and 11.1 ppm for the d subunit and ret-
roviral protease, respectively, with the most crowded
regions spanning 3.4 ppm and 4.8 ppm, respectively. The
aliphatic
13C dimension of the 3D triple resonance exper-
iments did not help to resolve the overlapped peaks. As a
consequence, a reliable peak-picking was impossible in the
1H,
15N-HSQC spectrum of the d subunit because only 40
signals out of expected 80 could be distinguish.
As the next step, a set of
13C-detected CON, CBCA-
CON, and CBCANCO spectra was acquired. The better
resolution of carbonyl
13C chemical shifts, exploited in the
13C-detected experiments, is routinely utilized for the
assignment of unfolded proteins (Bermel et al. 2006b;
Perez et al. 2009; Knoblich et al. 2009). The
13C-detected
Fig. 1 Amino-acid sequence of d protein with the unstructured
C-terminal domain highlighted in red
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123experiments allowed us to assign carbonyl
13C signals of
residues preceding prolines in the well-ordered N-terminal
domain, which are not observable in standard
1H-detected
spectra. The 2D CON spectrum exhibited higher resolution
of the peaks than the
1H,
15N-HSQC spectrum (Fig. 3),
allowing to distinguish 55 signals out of 80. However,
sequential connectivities still could not be established due
to the lack of resolution in the aliphatic
13C dimension.
The results listed above clearly showed that a com-
pletely different strategy is needed to assign disordered
proteins exhibiting such degree of peak overlaps as
observed for the d subunit. In particular, NMR techniques
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Fig. 2
1H,
15N-HSQC spectra of RNA polymerase d subunit (A, C, E,
F) and of retroviral protease of the murine intracisternal A-type
particle (B, D). Entire spectra are shown in Panels A and B, while the
central regions are expanded in Panels C and D. Close views of the
most crowded areas of the d subunit spectrum are displayed in
Panels E and F. Both spectra were acquired and processed in the same
manner and identical scales are used in Panels A and B and in
Panels C and D. All assigned signals of backbone amides are labeled,
with the exception of L78 of the d subunit (
1H and
15N chemical shifts
4.077 and 115.926 ppm, respectively) and of I15 (
1H and
15N
chemical shifts 9.955 and 127.403 ppm, respectively), G77 (
1H and
15N chemical shifts 6.504 and 106.764 ppm, respectively), and V88
(
1H and
15N chemical shifts 6.852 and 108.601 ppm, respectively) of
the retroviral protease. Unassigned peaks of the retroviral protease are
marked with asterisks
172 J Biomol NMR (2010) 48:169–177
123providing extreme resolution are necessary to distinguish
residues with very small chemical shift differences in
several dimensions. A methodology promising such reso-
lution enhancement has been recently developed in one of
our laboratories (Kazimierczuk et al. 2009) bud so far
tested only on well-structured proteins (human ubiquitin,
76 amino acids long, CsPin interacting with NIMA-kinase
from Cenarcheaum symbiosum, 96 amino acids long, and
maltose binding protein, 341 amino acids long). Quality of
the spectra obtained for the ordered proteins encouraged us
to employ this approach in the novel assignment strategy
reported in this paper.
The proposed and successfully applied assignment
strategy is based on a set of three 5D experiments utilizing
non-uniform sampling in indirectly detected dimensions:
HN(CA)CONH, HabCabCONH, and HC(CC-TOCSY)
CONH. As the technical details has been published else-
where (Kazimierczuk et al. 2009, 2010), only the basic
principles will be reviewed below.
Ultra-high resolution can be achieved by increasing the
number of dimensions and maximal evolution times in
each dimension. Two potential drawbacks of such an
approach must be considered. First, the long polarization
transfer pathways of high-dimensional experiments make
the transverse relaxation more pronounced. Fortunately,
favorable relaxation properties of the disordered proteins
usually keep the resulting signal loss in acceptable ranges.
Second, the required overall experimental time would lar-
gely exceed any practical limit if all indirect time dimen-
sions were uniformly sampled in ranges given by the
desired resolution on one side and by the Nyquist theorem
on the other side. Therefore, only a sparse data set can be
recorded in order to keep the measurement time reason-
able. In our case, Poisson disk sampling, weighted to ful-
ﬁll the condition of time-decaying density of points
(Kazimierczuk et al. 2008), was used. Such sampling
scheme is optimal with respect to the artifacts related to the
incomplete size of the data set (Kazimierczuk et al. 2008;
Dippe ´ and Wold 1985) and can be easily implemented
on any NMR spectrometer. The non-uniform sampling
dramatically shortened the time of data collection to
0.0002–0.0012% of the time needed to acquire standard
spectra of the same resolution.
Various sophisticated methods have been proposed in
the literature to process NMR data sets acquired in a non-
conventional manner (Kupc ˇe and Freeman, 2008; Coggins
et al. 2005; Ding and Gronenborn 2002; Kim and
Szyperski 2003; Koz ´min ´ski and Zhukov 2003; Malmodin
and Billeter 2004; Coggins and Zhou 2006; Kazimierczuk
et al. 2006a; Marsh et al. 2006; Coggins and Zhou 2007;
Rovnyak et al. 2004; Kupc ˇe and Freeman 2003; Tugarinov
et al. 2005; Atreya et al. 2005; Hiller et al. 2007). The
sampling scheme employed in this study allows to follow a
procedure closely resembling the conventional NMR data
processing, based on a slightly modiﬁed Fourier transform
algorithm, Multidimensional Fourier Transform (MFT)
(Kazimierczuk et al. 2006a, b). In principle, complete 5D
spectra can be obtained, but the size of the full 5D
matrix would require terabytes of disk space. Therefore,
the amount of data was reduced by extracting 2D
Fig. 3
13C-detected CON spectrum of the RNA polymerase d subunit (A), with the central region enlarged in Panel B
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123cross-sections from the 5D spectra during the processing
(Kazimierczuk et al. 2009; Zawadzka-Kazimierczuk et al.
2010). The procedure started with acquisition of an auxil-
iary 3D HNCO spectrum. The spectrum was recorded with
non-uniform sampling in order to achieve a very high
resolution. Each 5D experiment used in this work can be
considered as an expansion of the HNCO correlation
(squares in Fig. 4). While the HNCO correlation does not
bring any new structural information, it identiﬁes a residue
whose side-chain or sequential neighbour is searched for.
Therefore, the three coordinates of the HNCO peaks can be
used to ﬁx three frequencies when performing MFT on the
5D data. Equation 1 shows the procedure of calculation of
k-th 2D cross-section from the 5D data, revealing corre-
lations of frequencies x1 and x2 with the ﬁxed frequencies
x3
k, x4
k, and x5
k (
13C0,
15N, and
1H
N resonances, respec-
tively) (Kazimierczuk et al. 2010).
Skðx1;x2Þ¼
X M
m¼1
fðtm
1 ;tm
2 ;tm
3 ;tm
4 ;tm
5 Þ
  e j1x1tm
1  j2x2tm
2  j3xk
3tm
3  j4xk
4tm
4  j5xk
5tm
5 ð1Þ
where M denotes the overall number of indirectly detected
points, j1-5 are the imaginary units for commutative
Clifford algebra of the 5-th order, and ti
m is the i-th
dimension coordinate of the m-th time point.
Correlations observed in the 5D experiments used in this
study are shown in Fig. 4. The 5D HN(CA)CONH exper-
iment is designed for the sequential assignment of back-
bone amide resonances based on correlations between
amide
1H
N and
15N nuclei of adjacent residues. As a result,
two peaks are visible in each 2D cross-section extracted
from the 5D spectrum at the
1H
N,
15N, and
13C’ frequencies
of HNCO peaks. One of them corresponds to the cross-
peak at
1H
N,
15N frequencies of the given residue while the
second one shows the
1H
N,
15N frequencies of the
preceding residue (Fig. 5). In this manner, we were able to
easily assign several fragments of the sequence consisting
of 5–20 amino acids. The assigned fragments could not be
connected to each other due to ambiguities in the cross-
sections. In several cases, two residues appeared to have
almost identical chemical shifts of their
1H
N,
15N, and
13C’
nuclei and therefore three peaks appeared in the cross-
sections: an overlapped peak of two intraresidual correla-
tions and two resolved peaks of interresidual correlations,
representing two possible sequential connectivities.
In order to identify the fragments, we used the 5D
HabCabCONH experiment which reveals chemical shifts
of
1H
a,
1H
b,
13C
a, and
13C
b nuclei of the given residue in
each cross-section (Fig. 6A) and thus allows to partially
classify the type of the amino acid based on the typical
13C
chemical shift values. Utilizing this supporting knowledge,
all ambiguities in the cross-sections were resolved and the
sequential assignment of the d subunit was completed.
Side-chains of amino acid residues were assigned using
the 5D HC(CC-TOCSY)CONH experiment. Each 2D
cross-section displays all one-bond correlations between
13C and
1H atoms from the side-chain spin-system of the
given residue (Fig. 6B). The cross-peaks in the cross-sec-
tions were assigned employing typical chemical shift val-
ues obtained from the BMRB database (http://www.
bmrb.wisc.edu). Such assignment is facilitated by the fact
that disordered polypeptide chains exhibit much smaller
deviations from the average chemical shift values than
well-structured proteins. The frequencies of
1H
a,
1H
b,
13C
a,
H
α
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Fig. 4 Correlations utilized in the 5D experiments. Correlations of
the nuclei in circles are observed in 2D cross-sections extracted from
the 5D spectrum at chemical shifts of the nuclei in square boxes. Blue,
green, and red circles indicate the correlations observed in the
HN(CA)CONH, HabCabCONH, and HC(CC-TOCSY)CONH
spectra, respectively
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Fig. 5 Central region of uniformly sampled
1H,
15N-HSQC spectrum
(left) and the corresponding region of a 2D cross-section extracted
from the 5D HN(CA)CONH spectrum (right). The 2D cross-section
was obtained by ﬁxing frequencies in x3, x4, and x5 dimensions to
the values of chemical shifts of
13C’ of I157,
15N of I158, and
1H
N of
I158, respectively. Peaks corresponding to the sequential and
intraresidual correlations are displayed in black and red, respectively.
The contour threshold was set to 50 % of the height of the I158 H-N
peak in both spectra
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123and
13C
b were cross-validated by the comparison with the
results of the 5D HabCabCONH experiment.
In summary, the presented strategy provided assignment
of 100% backbone and side-chain resonances of the dis-
ordered C-terminal domain of the d subunit of RNA
polymerase from B. subtilis. This is the ﬁrst report dem-
onstrating that the employed 5D non-uniformly sampled
experiments allow efﬁcient and complete assignment of
disordered proteins with particularly high signal overlap. It
should be noted that the overall experimental time was
comparable to the time needed to record conventional 3D
triple resonance experiments and that the assignment pro-
cess was easier and faster than assigning a well-folded
protein of a similar size using the standard triple resonance
spectra.
Analysis of the obtained chemical shifts revealed why
both high dimensionality and resolution enhancement,
achieved with the help of non-uniform sampling in the
indirect dimensions, were crucial for the successful
assignment. Variations in the
13C
a and
13C
b chemical shifts
of amino acids of the same type were particularly low
(Figs. S1–S2 in Supplementary Material). We observed up
to 17 residues within a
13C
a chemical shift range
of ± 0.2 ppm, which is the second highest number among
27 proteins described as disordered, unfolded, or unstruc-
tured in their BMRB entry titles. It explains why the 5D
HN(CA)CONH experiment was needed for the sequential
assignment. Differences in
1H
N and
15N chemical shifts of
adjacent residues, obtained in a similar manner as in the 6D
APSY HNCACONH experiment (Fiorito et al. 2006),
allowed to distinguish residues with identical
13C
a and
13C
b
frequencies. 3D triple resonance experiments, relying on
the
13C
a and
13C
b chemical shifts, completely failed even
in versions with the resolution enhanced by non-uniform
sampling (data not shown), similar to those proposed by
Pannetier et al. (Pannetier et al. 2007).
It should be emphasized that dispersion of the
1H
N and
15N chemical shifts of the d subunit was also very poor,
even when compared to other disordered proteins (Fig. 2
and Figs. S3–S12 in Supplementary Material), and required
a very high spectra resolution. Especially, resonances of
amino acids of the same type in the same sequential repeats
were almost identical. For example, resonances of four
leucines L110, L112, L123, L151 almost completely
coincide in the
1H
N and
15N dimensions, as demonstrated
in Fig. 2F and Fig. S1C in Supplementary Material. Acidic
residues (Fig. 2E and Figs. S1A,B in Supplementary
Material) may serve as another example of complete peak
overlap. However, our approach of analysing cross-sec-
tions of full-dimensional 5D HN(CA)CONH spectra
allowed us to overcome the clustering of resonance
frequencies.
It should be noted that approaches eliminating the
problem of degeneracy of aliphatic
13C resonances, not
requiring high dimensionality and non-uniform sampling,
were reported in the literature. For example, Mukrasch
et al. ( 2009) assigned a 441-residue Tau protein using 3D
(HA)CANNH and HNN spectra recorded at 900 MHz on
the full-length protein and three shorter polypeptides with
partially overlapping sequences. However, the degenera-
tion of the
13C
a connectivities was caused by a large
number of amino acids of the Tau protein, while the dis-
persion of
1H and
15N resonances was better than in our
case.
The methodology utilized in this study does not repre-
sent the only way how to acquire high-dimensional spectra.
Several groups have reported successful implementation of
high-dimensional experiments (5D–7D) in combination
with sophisticated methods of data processing to perform a
sequential assignment of disordered proteins (Atreya et al.
2005; Hiller et al. 2007). These approaches are based either
on the reduced dimensionality spectroscopy exploiting the
aliphatic carbon frequencies (
13C
a,
13C
b) for sequential
assignment (Atreya et al. 2005) or on the projection
spectroscopy utilizing the
15N and
1H
N chemical shifts for
sequential assignment (Hiller et al. 2007). Such techniques
are very fast and elegant. The reason why we propose a
more traditional approach for our application (assignment
of disordered proteins with severe peak overlaps) is its
transparency. As true 5D spectra are obtained, it is always
possible to visually inspect problematic regions of the
spectra and correct the peak picking if it was affected by
signal overlaps. At the same time, the analyzed cross-sec-
tions of the 5D spectra are extremely simple (Figs. 5, 6)
and offer direct interpretation, while the experimental time
is maintained on the similar time scale as for approaches
mentioned above.
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Fig. 6 Examples of 2D cross-sections extracted from the 5D
HabCabCONH (Panel A) and HC(CC-TOCSY)CONH (Panel B)
spectra at chemical shifts of I158
1H
N, I158
15N, and I157
13C’
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123Conclusions
We present a novel strategy which allows a complete
assignment of unstructured portions of proteins, especially
in the cases where this task is strongly complicated by
frequent repetitions in the sequence. The obtained fre-
quency assignment is the most important source of infor-
mation on residual structural features of disordered
proteins. The complete list of chemical shifts of the full-
length d protein was deposited in the BMRB database
under the accession code 16912.
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